The effect of the sulfur content on the inclusion and microstructure characteristics of steels where Ti2O3 and TiO2 have been added was studied. Based on the microscopic examinations, it is found in the steel samples with Ti2O3 additions that the area fraction of intragranular ferrite decreases from 52.68% to 39.09% as the sulfur content increases from 0.009 mass.% to 0.030 mass.%. In the steel samples with TiO2 additions, this value also decreases from 49.05% to 36.26% as the sulfur content increases. The nucleant inclusion was identified as a TiOx+MnS phase based on SEM-EDS measurements as well as on equilibrium calculations with thermodynamic calculation software, Thermo-Calc. Also, TiOx was found to be the nucleation site for an intragranular ferrite formation. Moreover, the nucleation probability increases with an increased inclusion size. It is also noted that the nucleation probability decreases slightly with an increased sulfur content. The minimum size of TiOx+MnS inclusions for an IGF nucleation is about 0.85 μm in the present samples. Furthermore, this minimum size of TiOx inclusions is shifted to a size of about 0.5 μm by excluding the depth of a MnS layer. In addition, the effective nucleation size range of TiOx inclusions in the steels, where Ti2O3 and TiO2 had been added, is smaller than that of TiN+Mn-Al-Si-Ti-O inclusions in steel samples where TiN had been added.
Introduction
It is well known that intragranular ferrite (IGF) could nucleate on the interface of specific kinds of inclusions, such as Ti-oxides and TiN. [1] [2] [3] Among different kinds of inclusions, Ti-oxides have been recognized to be effective nucleation sites for an IGF formation. Homma et al., 4) Chijiwa et al., 5) Byun et al. 6) and Suzuki et al. 7) reported that Ti 2 O 3 inclusions were found to provide active nucleation sites for an IGF formation. It was reported the phenomenon that Ti2O3 inclusions absorb Mn is a dominant driving force for a heterogeneous nucleation of an IGF. 6, 7) Besides, Lee and Pan, 8) Yamada et al. 9 ) and Koseki's group [10] [11] [12] reported that the presence of a TiO phase at the inclusion interface is also effective for the IGF nucleation. Additionally, Koseki et al. 10) reported that the ferrite formation is induced by TiO itself without the aid of a Mn depletion. However, the existence of a TiO 2 phase has not been reported in actual steel samples. Pure TiO2 powders were added into molten steel by Gregg and Bhadeshia. 13) It was reported that the ferrite could nucleate from the inclusion interface in the steel samples with TiO2 additions. But the nucleant inclusion was identified as complex Ti-oxides containing TiO by transmission electron microscope (TEM).
Besides the effect of an inclusion composition, the inclusion size is also considered to be an important factor that affects the heterogeneous nucleation of an IGF. Zhang and Farrar, 14) Thewlis et al., 15) Hajeri et al. 16) reported that the inclusion could act as an effective nucleation site at specific size ranges. Also, Barbaro et al. 17) and Lee et al. 18) discussed the probability for a ferrite nucleation at different inclusion sizes. However, their results 17, 18) were focused on the nucleation probability of complex oxides. Consequently, the effect of the sulfur content on the nucleation probability of Ti-oxide+MnS inclusions was not discussed.
Ichinose et al. 19, 20) discussed the effect of a sulfur content on the area fraction of IGF in steel samples with sulfur contents of lower than 0.0054 mass.%. However, this data for sulfur contents of higher than 0.008 mass.% has not been discussed yet.
In the present work, Ti2O3 and TiO2 powders were added into the steels by using the same preparing method as was used for steels with TiN additions in our previous study. 21) The nucleation probability of TiOx+MnS inclusions of different sizes is investigated in the steels of different sulfur contents, which are higher than 0.008 mass.%. Also, these results are compared with our previous result of steel samples with TiN additions. 21) Furthermore, the nucleation site on the inclusion interface is identified in the steels with Ti2O3 and TiO2 additions. Moreover, the relationship between the area fraction of IGF and the sulfur content in steel, which is higher than 0.008 mass.%, were also examined.
Experimental

Procedure
Planetary ball milling (FRITSCH, Pulverisette 5 type) was used to mix powders of raw materials for 1 hour, in order to keep a homogeneous composition of the samples. Fe-1.63 mass.% Mn-0.56 mass.% Si atomized alloy powder (Höganäs AB, size < 150 μm), graphite powder (Alfa Aesar, ISIJ International, Vol. 54 (2014), No. 12 99.99% of purity, 7 to 11 μm in size), FeS powder (Aldrich, purity > 99.9%, size < 149 μm) were mixed together. Thereafter, a Ti2O3 powder (Noah, 99.9% of purity, size < 7 μm) or a TiO 2 powder (Noah, 99.7% of purity, size < 2 μm) was also added. Totally, 100 g of milling balls (Zirconia, 5 mm of diameter) were used to mix raw material powders during each preparation. The materials contained 50 g Fe-Mn-Si alloy powder, 0.1 g graphite powder, and 1.84 g Ti2O3/TiO2 powder. Meanwhile, FeS powders were added to control the sulfur contents to be desired levels of 0.008 to 0.009 mass.%, 0.012 to 0.016 mass.%, and 0.029 to 0.030 mass.% in the steel samples.
The mixed powders were cold pressed into disk shaped pellets. Two cold-pressed pellets were used in each melting experiment. Detailed information of the heating equipment was entirely the same as was used in our previous study. 21) The heating and cooling curves for the experiments of Ti2O3 additions are shown in Fig. 1 . The case with a TiO2 addition was entirely the same as the case of Ti 2 O 3 additions. The samples were melted at 1 550°C, and held at this temperature for 1 min. Then, the samples were cooled in the furnace, with a cooling rate of 3.6°C/min on average during cooling from 800 to 500°C. Detailed information was the same as reported in our previous study.
21 ) The chemical compositions of steels samples with Ti 2 O 3 and TiO 2 additions are shown in Table 1 .
In our previous study, 21) pure electric iron powders, pure manganese powders and pure ferro-silicon powders were used to prepare steel samples with TiN additions. Firstly, the TiN powders were totally dissolved into molten steel at 1 550°C and then TiN precipitated during the solidification. In that case, the liquid steel with TiN powders additions were held at 1 550°C for 10 min, in order to get a homogeneous composition. In the present experiment, the Ti2O3 and TiO 2 powders did not totally dissolve into the molten steels. In addition, they easily floated out onto the steel/slag interface. Therefore, the holding time at a 1 550°C had to be controlled within 1 min, to keep the amount of Ti-oxides in the samples. In order to get a homogeneous composition of the steel samples with Ti-oxides additions, Fe-Mn-Si atomized alloy powders were used instead of pure iron, pure manganese and pure ferro-silicon powders for the melting experiments.
Observation of Inclusions and Microstructure in Steels
The steel samples were horizontally cut to enable an observation of the characteristics of inclusions and the microstructure. The cutting position of the samples for the microstructure observation and chemical composition analysis was the same position that was reported in our previous study. 21) Thereafter, the samples were polished and etched by using a 4%Nital solution.
The size of TiO x +MnS inclusions was measured by using the back scattered electron (BSE) imaging mode in the scanning electron microscope (SEM) (Hitachi, S3700 type) at a ×500 magnification. Here, one pixel represented a size of 0.0992 μm. (1) whereas n (i) is the counted number of inclusions for each selected step (i) of the size distribution, NA(i) is the number of inclusions per unit area for each size range. Moreover, Sobs is the total observed area on the SEM photographs (S obs = 1.89 mm 2 ), which is the same value as was used in our previous study. 21) Thereafter, the inclusions were classified into nucleant types and non-nucleant types. Here, the secondary electron (SE) imaging mode in the SEM with a ×500 magnification was selected. The SEM photos from the SE mode were taken at the same positions as the SEM-BSE photos, which were used for the measurements of the size of inclusions. The reason for both using a SE imaging mode and a BSE imaging mode in SEM was reported in our previous study. 21) The microstructure of IGF and GBF were observed in the light optical microscope (LOM) (Olympus, PMG 3 type) with a ×50 magnification. Here, one pixel represented a size of 0.833 μm. The total observed area was 1.98 mm 2 . The prior austenite grain size was measured by a mean linear interception method. The measurement of area fraction of IGF as well as prior austenite grain size was performed by the commercial image analyzer WinROOF ® .
Theoretical Works
The present study applies the method proposed by Koseki et al. 22) and Ichikawa et al. 23) to the prediction of the amount of precipitated inclusions and their chemical compositions in our steel samples, because they have already verified that this equilibrium calculation by the thermodynamic calculation software, Thermo-Calc., can predict the inclusion characteristics over a wide range weld compositions. The Thermo-Calc. 3.0.1 version was used in the present study. This calculation was based on the TCS Steels/Fe-Alloys Database Version 7.0 (TCFE 7).
24) The composition of Al which was used for the calculation was set at an unified value of 0.002 mass.%, although the actual composition of Al was less than 0.002 mass.% in the steel samples C, D, F, as shown in Table 1 .
Results and Discussion
Effect of Sulfur Content on the Area Fraction of
Intragranular Ferrite In this work, the definitions of an intragranular ferrite (IGF) and a grain boundary ferrite were the same as reported in our previous study.
21 ) The typical images of IGF with nucleant inclusions and GBF are shown in Fig. 2 for the Here, the former is named as "polygonal shape IGF (Type II)", and the latter is named "acicular shape IGF (Type I)", based on the recognized terms in the literatures. 3, [25] [26] [27] [28] The phenomenon of TiO2 additions was entirely the same as that of Ti2O3 additions.
Micrographs and binary images of the microstructure evolution for steels with Ti2O3 and TiO2 additions are shown in Figs. 3(a) and 3(b), respectively. The quantitative measurement of the area fraction of IGF was performed by using WinROOF ® , which is described in section 2.2. The area fraction of IGF in each sample is shown in Fig. 4 . Prior austenite grain size values are also denoted in the respective marks in this figure. It is found that this value decreases from 52.68% to 39.09% in the steels with Ti2O3 additions as the sulfur content increases from 0.009 mass.% to 0.030 mass.%. Similarly, the area fraction of IGF decreases from 49.05% to 36.26% in the steels with TiO2 additions.
Besides the steels with Ti 2 O 3 and TiO 2 additions, Fig. 4 also shows the area fraction of IGF in the steels with TiN additions from our previous study. 21) This value decreases from 37.3% to 12.0% with an increased sulfur content from 0.009 mass.% to 0.034 mass.%. Based on this tendency, it could be concluded that the area fraction of IGF in the steel samples with Ti-oxides additions is higher than that in the steels with TiN additions. In previous studies, Homma et al. 4) reported that the Ti-oxide-treated steels shows a better notch toughness compared to the TiN-containing steels. This is due to the extensive formation of IGF. Lee and Pan 8) also found that an increase of IGF is accompanied by an increase of Ti-oxide and a decrease of TiN inclusions. The different tendencies in the steels containing Ti-oxide and TiN inclusions are firstly considered due to the difference of the nucleation potency between Ti-oxide and TiN inclusions, which will be discussed in Section 3.4. Another reason is that the prior austenite grain sizes in the steels with Ti 2 O 3 and TiO 2 additions are much larger than that in the steels with TiN additions. The reason for a smaller grain size in the steels with TiN additions is not quite clear. One possible cause is that the small size TiN pins on the grain boundary and inhibits the growth of the grain size. Even if this phenomenon was not directly observed due to the limitation of the resolution in the SEM in our previous study, 21) it has already reported by Kanazawa et al. 29) and Tomita et al. 30) In the case of steels with a lower sulfur content, Ichinose et al. 20) found that the area fraction of IGF in samples containing TiO increases from about 27% to 45% with an increase of the sulfur content from 0.0008 mass.% to 0.0054 mass.%. This tendency is opposite to that in the present steel samples, which contain much higher sulfur contents. It seems that the area fraction of IGF reaches a maximum value at a critical sulfur content of about 0.008 to 0.009 mass.%. Similarly, Lee and Pan 31) reported that the area fraction of intragranular acicular ferrite increases with an increased sulfur content till a 0.0102 mass.% value, and that it decreased remarkably at higher sulfur contents. Also, they found that the prior austenite grain size decreased as the sulfur content increased from 0.0005 to 0.0124 mass.%. 31) In the present study, it is found that the prior austenite grain size in the steels with Ti2O3 additions decreases from 968 μm to 848 μm as the sulfur content increases from 0.009 to additions also decreases from 926 μm to 802 μm as the sulfur content increases from 0.008 mass.% to 0.029 mass.%. This phenomenon is probably due to the fact that more MnS precipitate at grain boundaries, and consequently inhibits the growth of grain boundaries. The larger size grain provides a larger physical space inside the grain for nucleation and growth of IGF, as reported by Liu and Olson. 32) Besides the effect of grain size, more MnS precipitates on the inclusion interface with an increased sulfur content. The MnS layer is inactive as a nucleation site for the IGF formation. In the case of steel samples reported by Ichinose et al., 19, 20) the prior austenite grain size could be estimated to be in the range of approximately 1 mm by using the figures in their paper. 19) Thus, the effect of grain size might be excluded. When the sulfur content in their samples was lower than 0.0054 mass.%, the precipitated MnS seems to be needed for the formation of a Mn-depleted zone. In this case, the area fraction increased as the sulfur content increases. Based on the above discussion, it could be estimated that a 0.008 to 0.009 mass.% sulfur content value is enough to obtain an IGF nucleation.
Let us write down a summary of this section. It is impossible to detect the existence the Mn depleted zone (MDZ) using SEM-EDS due to the resolution limitation. Thus, Yamamoto et al. 33) gave a plausible supposition on the effect of Mn depleted zone on promotion of IGF formation in the steel with 0.003 to 0.004 mass% sulfur content, using the diffusion calculation of manganese and sulfur. However, within the range from 0.008 to 0.030 mass% sulfur content in the present study, the increase of sulfur content had the reverse effect, because precipitated MnS gradually covered the surface of TiOx inclusion with the increase of sulfur content. Really, the increase of sulfur content leads to the slight decrease of the probability of IGF nucleation as described later, although it is difficult to separate completely the effect of the grain size and the effect of sulfur content. (See Figs. 4 and 12 ).
Identification of Nucleant Inclusions
The chemical composition of a typical nucleant inclusion for a steel sample B (S = 0.012 mass%) with a Ti2O3 addition is shown in Fig. 5 , in order to examine whether the results of equilibrium calculations correspond well our experimental observation in our steel samples with a Ti2O3 addition. This image is measured by an element mapping analysis in the SEM accompanied with Energy Dispersive X-ray spectroscopy (EDS). The point analysis of SEM-EDS is also used to assist the inclusion compositions analysis. The EDS spectrums of the core part and the interface part corresponding to nucleation site of inclusions are shown in Fig. 6. Figure 7 shows the results of equilibrium calculations of precipitated inclusions in the steels with Ti 2 O 3 additions. It is found that the core part of the nucleant inclusion is a Ti-oxide, which is shown in Figs. 5 and 6(b). The interface part corresponding to nucleation site is identified as a Ti-oxide, but the Fe content is higher than that in the core part. This is shown in Figs. 6(c) and 6(d) . Based on the Ti-O system binary phase diagram, 34) the Ti-oxide might be in the stable regions of Ti2O3, Ti3O5 and the mixtures of Tioxides solid solutions (s.s.). This is assisted by the SEM-EDS analysis. However, the SEM-EDS is only a qualitative analysis method with respect to the oxygen content. Cha et al. 35) reported the O/Ti ratio of 'Ti3O5'(1.76) by SEM-EDS is derived from the correct ratio of 1.67. For the identification of Ti-oxide phases, TEM 6, 13) or electron backscatter diffraction (EBSD) 35) have been widely used in previous studies. However, this topic will be the focus of a future work by the authors. In our present work, this inclusion phase is referred to as TiOx (s.s.). A MnS layer is randomly distributed outside the corners of the TiO x (s.s.) core. Besides, a Ti(N,O) phase (1.14 μm in diameter, a circularity of 0.65) is occasionally found on a corner of the inclusions interface. The EDS spectrum is shown in Fig. 6(f) . This result could fit the equilibrium calculation result, which shows that the stable phase is corundum (Ti2O3 (s.s.) ), MnS and FCC_A1#2 (TiN) at 1 300°C. Also, the compositions of the different regions of inclusions analyzed by SEM-EDS could also be predicted with the calculated composition performed by Thermo-Calc. In the lower temperature region from 1 250 to 1 150°C, it is found that Liquid #1 ((Si,Al,Ti)Ox) and Rhodonite (MnSiO3) precipitates subsequently. These phases could be found in the inclusions interface by using the SEM-EDS mapping analysis, as shown in the image of Si in Fig. 5 . However, the actual amount is very small in comparison to the calculated amount. Finally, it should be pointed out that the nucleation site is mainly TiOx (s.s.). The inclusion phases in the steels with Ti2O3 additions are named TiOx+MnS in this paper, although small amount of glassy oxides and Ti(N,O) occasionally exist on the inclusion interfaces.
For the identification of inclusions in the steels with TiO2 additions, the SEM-EDS mapping images of the typical nucleant inclusions for a steel sample F (S = 0.029 mass.%) with a TiO2 addition is shown in Fig. 8 , in order to examine whether the results of equilibrium calculations correspond well our experimental observation in our steel samples with a TiO2 addition. The EDS spectrums used for the inclusion identifications are shown in Fig. 9 . In addition, the equilibrium calculations are shown in Fig. 10 . It is found that the core part and the interface part corresponding to nucleation sites are also TiO x (s.s.), which seems to be almost the same as was found for the inclusions in the steels where Ti2O3 have been added. The equilibrium calculation results show that the stable phase at the melting temperature (1 550°C) is the corundum phase (Ti2O3 (s.s.)). However, pure TiO2 phase doesn't exist based on the calculation results. Kang and Lee 36) also reported that the TiO 2 may not be observed due to its low stability at the reducing conditions of a low oxygen potential in steel. Furthermore, Kiviö and Holappa 37) added pure TiO 2 powders into the liquid C-Mn-Cr steel. Equilibrium calculations were made by the Factsage 6.2 Equilibrium Mode using the FToxide and FSstel databases. Their results show that a TiO 2 phase is first reduced to a Ti3O5 (s.s.) phase in the liquid steel at high temperatures. Then, to a Ti2O3 (s.s.) phase during cooling at around 1 300°C. It should be pointed that the Ti 3 O 5 (s.s.) phase was not found in the present calculations. This phenomenon is due to the difference between the TCFE 7 database of Thermo-Calc 3.0.1 and the FToxide and FSstel databases of Factsage 6.2. Also, Kiviö and Holappa 37) identified that the Ti-oxide was Ti2O3 phase in the steel samples based on SEM-EBSD measurements. However, a Ti 3 O 5 (s.s.) phase could not be confirmed.
Based on the above analysis, it is found that there is not an obvious difference with respect to the inclusion phases between the steels with Ti2O3 and TiO2 additions. This is the reason why the almost same area fraction of IGF exists in the two types of steel samples, as shown in Fig. 4 . In addition, there is a small thin layer randomly located on the inclusion interface in a steel with a TiO2 addition (sample F). This phase is identified as a (Mn,Ti,Si)(O,S) mixture, as shown in Figs. 8 and 9(f). Equilibrium calculation results show that the phase is a mixture of Liquid #2 ((Mn,Ti)(S,O)) and Liquid #1((Si,Al,Ti)Ox), which could exactly be fitted with the SEM-EDS results. Finally, the nucleant inclusions in the steels with TiO 2 additions are also identified as TiOx+MnS inclusions in the present work.
Effect of Sulfur Content on Size Distribution of Inclusions
Based on the discussion in section 3.2, it was recognized that the Ti-oxide inclusions could exist in the molten steel, but the inclusion phase might be changed to TiOx+MnS inclusions during the solidification. In order to accurately analyze the size distributions of TiO x +MnS inclusions, the pure MnS inclusions should be excluded. This method was the same as was reported in our previous study. This tendency might be due to that an increase of the sulfur content increases the depth of the MnS layer. This, in turn, increases the size of the TiO x +MnS inclusions. In the case of the steels with TiO2 additions, the peak value of NA(i) of the nucleant inclusions is in a size of 3.40 μm for all the three samples with different sulfur contents.
These peak values are 18.26/mm 2 for sample D (S = 0.008 mass.%), 13.23/mm 2 for sample E (S = 0.016 mass.%) and 22.56/mm 2 for sample F (S = 0.029 mass.%). It is also found that the value of NA(i) of sample F is clearly higher than that of sample D and E for inclusion sizes larger than 3.40 μm.
This tendency for the steels with TiO 2 additions is quite similar as that for the steels with Ti2O3 additions. Finally, the maximum size of nucleant inclusions is found to be 9.58 μm for sample D with the lowest sulfur content of 0.008 mass.%. This value is 13.53 μm for all the other samples with higher sulfur contents. In previous studies, Lee and Pan 38) reported that the most frequent size range is between μm. The data is of the steels with a low sulfur content of about 0.005 mass.%. Comparing with these data, the size distribution in the present work seems to be reasonable. It is also confirmed that an increased sulfur content could increase the size of TiOx+MnS inclusions.
Effect of Sulfur Content on the Probability of Nucleation
Based on the size distribution of nucleant inclusions and total inclusions, the probability for an IGF nucleation of TiOx+MnS for a given size di, was estimated by using the Eq. (3), which is the same method as was used in our previous study. (3) where, Pi means the nucleation probability of TiOx+MnS inclusions for an inclusion size di, Nnu,i means the number of nucleant inclusions for an inclusion size d i , and N total,i means the number of total inclusions for an inclusion size di.
The experimental nucleation probability of TiOx+MnS inclusions is shown in Fig. 12 . It is found that an increased inclusion size markedly enhances the probability of an IGF nucleation. Both the steels with Ti2O3 and TiO2 additions show almost the same tendency. The nucleation probability reaches to a value of larger than 0.90, when the inclusion size is larger than 1.70 μm for the steel sample A (S = 0.009 mass.%) and sample B (S = 0.012 mass.%) with Ti 2 O 3 additions, and for the steel samples D (S = 0.008 mass.%) and sample E (S = 0.016 mass.%) with TiO2 additions. However, this size range, which indicates the similar value of nucleation probability, shifts to a size range larger than 2.40 μm for the sample C (S = 0.030 mass.%) with a Ti2O3 addition and the sample F (S = 0.029 mass.%) with a TiO 2 addition. In addition, it is noted that the nucleation probability decreases slightly as the sulfur content increases in both the steels with Ti 2 O 3 and TiO 2 additions. It is considered that the difference is due to that a larger amount of MnS precipitates at the interface of the TiOx inclusions as the sulfur content increases. When the nucleation site is covered by a MnS layer, it will lead to lose the potency for an IGF nucleation. However, it should be noticed that the sulfur content in the range of 0.008 to 0.009 mass.% might be large enough to assist an IGF nucleation. Lee and Pan 39) reported that the nucleation potency of Ti-oxide dominant inclusions increased with an increased sulfur content up to a value of 0.0102 mass.%. The increase of the sulfur content leads to a change of the inclusion phase from a Ti-oxide to a Tioxide+MnS. Then, the nucleation potency will decrease with a further sulfur addition. This view almost fits the tendency of the nucleation probability observed in the present steel samples for the sulfur contents from 0.008 mass.% to 0.0030 mass.%.
In previous studies, Barbaro et al. 17) and Lee et al. 18) reported the nucleation probability of oxide inclusions of different sizes. The tendency of their results seems to be a similar function as that found in the present work. However, their result of the nucleation probability seems to be a little bit higher than the present results in the size range from 0.85 to 1.20 μm. This difference is due to that the inactive MnS layer may cover the TiO x inclusions, and thereby reduce the value of the nucleation probability. When the depth of MnS layer was excluded, by using the method used in our previous study, 21) the nucleation probability of TiO x inclusions could almost fit the case of oxides containing Ti, Zr or Ti reported by Barbaro et al. 17) and Lee et al., 18) as is shown in Fig. 13 . Also, the minimum size of TiO x for an IGF nucleation is shifted to a value of about 0.5 μm. In addition, a very small difference between the present results and the previous results 17, 18) in Fig. 13 also exists in the size range of about 0.5 to 0.8 μm. This is possibly due to the difference of the carbon contents in the different steels. In the steel samples reported by Barbaro et al. 17) and Lee et al., 18) the carbon content was 0.03, 0.06 mass.% 17) and 0.042 mass.%, 18) respectively. This is much lower than that in the present steel samples (0.157 to 0.223 mass.%). Carbon is reported as an austenite stabilized element. 40) Gregg and Bhadeshia 13) also reported that a C-depletion promotes the ferrite nucleation.
Besides the results reported by Barbaro et al. 17) and Lee et al., 18) the effective size of inclusions, which contains Tioxide, was discussed in previous studies. 14 Lee 42) found that the minimum inclusion size for a good nucleation potency is in the range of 0.25 to 0.8 μm.
Hajeri et al. 16) found that the most effective size of Ti-oxide inclusions was above 2.0 μm. Based on the above results, the present size of TiOx inclusions, which is larger than 0.5 μm, seems to be large enough for an IGF nucleation to take place. Ricks et al. 43) explained that the increase of inclusion size reduced the energy barrier of the heterogeneous nucleation, and that the larger size inclusion has a higher potency for an IGF formation.
In the steels with TiN additions from our previous study, 21) the effective size of TiN+Mn-Al-Si-Ti-O+MnS inclusions are much larger than that of TiO x +MnS inclusions in the present samples, as shown in Fig. 12 . A similar tendency is shown in Fig. 13 44) the misfit value between ferrite and TiO (3.0%) is smaller than that between ferrite and TiN (4.6%). This might be one reason why TiOx is a more effective nucleation site than TiN is. Also, a larger amount of glassy oxides reduces the nucleation potency of TiN+Mn-Al-Si-Ti-O inclusions in the steel samples with TiN additions. Finally, the interfacial energy between inclusion and ferrite, and the interfacial energy between inclusion and austenite is considered to be a major factor, which leads to a different nucleation potency between TiO x and TiN. This topic will be the focus of a future study by the authors.
Conclusions
The effect of sulfur content on the inclusion and microstructure characteristics of steels with Ti2O3 and TiO2 additions was studied. A quantitative analysis of the inclusion characteristics, such as the composition, size distribution, nucleation probability and the equilibrium calculation of inclusion formation was carried out. Also, the area fraction of intragranular ferrite was analyzed. The obtained results can be summarized as follows:
(1) In the steels with Ti2O3 additions, the area fraction of intragranular ferrite decreases from 52.68% to 39.09% with an increased sulfur content. The value varies from 49.05% to 36.26% in the case of TiO2 additions. In addition, the area fraction of IGF in the steels with Ti 2 O 3 and TiO 2 additions is larger than that of the steels with TiN additions.
(2) The inclusion phase was identified as TiOx+MnS in the steel samples with Ti 2 O 3 and TiO 2 additions. Also, TiO x inclusions were found to be the effective nucleation sites for an intragranular ferrite formation.
(3) It is found that the nucleation probability of larger size TiOx+MnS inclusions is higher than that of smaller size inclusions. Also, its nucleation probability decreases slightly as the sulfur content increases. The minimum size of TiOx+MnS inclusions for an IGF nucleation is about 0.85 μm. Moreover, this minimum size of TiOx inclusions is shifted to a value of about 0.5 μm by excluding the depth of a MnS layer. In addition, the effective nucleation size of TiOx inclusions in the steels with Ti2O3 and TiO2 additions is much smaller than that of TiN+Mn-Al-Si-Ti-O inclusions in the steels with TiN additions.
